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Abstract : Thin film s o f  copper sulph ide (Cu^S) w ith th ickness up to 0 .5  pm  v^ere deposited on g lass substrates using sim ple su ccessive  ionic layer 
,.Kc,rption and reaction (S IL A R ) m ethod. C opper (II) sulphate com picxed  w ith trirthaneloam inc (T E A ) and thiourea w ere used as (cuprous ions) cation  
Md (sulphide ion s) an ion  precu rsors, r esp ective ly . The d ep osition  w as earn ed  out at room  tem perature w ith op tim ized  con d ition s. The as d eposited  
samples were annealed in air at l(X), 2(X), 3()0, 4(K) and SOO’C for one hour T hese film s were characterized by m eans o f  X-ray diffraction and optical 
absorption tech n iq u es.
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1 In troduction
Copper su lp h id e  (C u ^S ) r e p re s e n ts  an in te re s t in g  c la s s  o f  
semiconducting m ateria l, w h ich  arc  a ttrac tiv e  fo r la rge  scale 
ippiicalions b ecau se  o f  easy  av a ilab ility  and  low  co st o f  the 
sCirting m aterials. C u^S as a  m ateria l p a rticu la rly  in its th in  film  
has r e c e iv e d  a t t e n t io n  s in c e  th e  d is c o v e r y  o f  th e  
phoiovolatic e ffe c t in  C d S  -  [1]. D e ta iled  stu d ies  on th e
system  in the  c o n te x t o f  p h o to v o la tic  ap p lica tio n s  w ere  
Jcporied [2, 3]. In the  b u lk  fo rm , Cu^S is k n o w n  to  exit in five 
(able phases at th e  ro o m  tem p era tu re  w ith  o rtho rh o m b ic  (CU2S) 
ihc 'copper d e fic ie n t ' s id e  o f  the p h ase  d iag ram  o f  the  C u-S  
In the c o m p o s itio n  c lo se r to  th e  s to ich io m etric  CU2S, 
ihc distinct ro o m  te m p e ra tu re  p h a se s  are  th e  o r th o rh o m b ic  
^halcocitc (1.95 ^ j c <  2 .0 0 ) , d ju r le i te  (1.93 £  jc <  1.96) a n d  
p e n i le  (1 .7 6 5 ^  1 .79). In the  in te rm ed ia te  co m p o s itio n ,
fluxed phases su ch  as  c h a lc o c ite  -f d ju r le ite  an d  d ju r le ite  +  
b^gcnite arc c o m m o n ly  o b se rv ed . It is in te re s tin g  tha t th ese  
JjMinct c o m p o s itio n s  a re  n o t re m a rk a b le  a b o u t c ry s ta ll in e  
'‘ifuciure but in th e  v a ria tio n  o f  e lec tr ica l co n d u c tiv ity  [4] and 
iiignificant v aria tion  in  o p tica l b an d  g ap  [5], T h e  stability  o f  C dS  
h e te ro ju n c tio n  so la r  ce ll in v o lv es the s tab ility  o f  sh o rt 
circuit current ( I ^ ). T he is a  function o f  x in Cu^S, as x increases 
ithso i n c r e a s e s  a n d  a t t a in s  m a x im u m  v a lu e  a t 
■'"2 [2],
Corresponding Author
N u m ero u s  tech n iq u es fo r p ro d u c in g  co p p e r su lp h id e  th in  
film s have been investigated . T hese  include vacuum  evaporation  
(61, a c tiv a te d  re a c tiv e  e v a p o ra tio n  (7J, re a c tiv e  m ag n e tro n  
spu tte ring  [8], spray  py ro ly sis  (9J, su lphurisa lion  o f  copper foils 
and film s ( lOJ and slurry technique [ II  |. C hem ical bath deposition 
o f  co p p e r su lp h id e  (Cu^^S) th in  film s from  a lk a lin e  112-14) and 
acid ic  [ 15] m ed iu m  has been  investig a ted .
R ecent stud ies (16] have show n that chem ically  as deposited  
C uS  th in  film s u n d erg o  co m p o s itio n a l ch an g es upon  annealing  
in n itrogen  for 1 h to  CUj gS (300"C ) and to  C uj (400®C) from  
C u S . T h is  tra n sfo rm a tio n  w as a c c o m p a n ie d  by c h an g es  in 
e lec trica l and  o p tica l p ro p ertie s .
In an ea rlie r  p u b lica tio n , w c rep o rted  (17] the d ep o sitio n  o f  
co p p e r su lph ide  (Cu^^S) thin film s u sing  su ccessiv e  ion ic layer 
ad so rp tio n  and  reac tio n  (S IL A R ) m ethod . T h e  p u rp o se  o f  the 
p resen t p ap e r is to  d esc rib e  the p rep ara tio n  o f  c o p p e r su lph ide  
th in  film s by S IL A R  m eth o d  u.sing co m p lex an t. In  ou r ea rlie r 
stu d ies  [17], co p p e r su lp h id e  (C u ^ S )th in  film s w ere  depo.sitcd 
w ith o u t any  c o m p le x in g  ag en ts . W e h av e  o b se rv e d  th a t as 
deposited  film s consist Cu^^S (1.96 <x<  1.86) and  CU2S phases. 
In th is p ap er tr ic lh an e lo am in c  (T E A ) is used  as the co m p lex in g  
agen t to  fo rm  u n ifo rm  and  ad h eren t Cu^S th in  film s. U se o f 
tr ie thancloam ine (T E A ) as a  co m p lex in g  agen t g ives CuS phase. 
E ffect o f  a ir ann ealin g  on the  s tru c tu ra l and  o p tica l p ro p ertie s  o f  
S IL A R  grow n Cu^^S th in  film s arc  reported .
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2 . E x p e r im e n ta l  d e ta i ls
2.1 Deposition :
In th e  p re s e n t w o rk , m ic ro s l id c  g la s s  s lid e s  (7 5  n im  x  25  m m  x  1 
m m )  w e re  u s e d  a s  s u b s tra te s .  P r io r  to  th e  d e p o s i t io n  o f  th e  
f i lm s , th e s e  s u b s tra te s  w e re  c le a n e d  u s in g  c o m m e rc ia l  d e te rg e n t  
a n d  d o u b le  d is t i l le d  w a te r  a n d  d r ie d  w ith  h o t  a ir. T h e  c a tio n ic  
p re c u r s o r  w a s  0 .2  M  c o p p e r  s u lp h a te  s o lu tio n  c o m p le x e d  w ith  
t r ic th a n e lo a m in e  (T E A )  ( 0 . 1 M ). T h e  p H  w a s  a d ju s te d  to  a b o u t 
10  b y  a d d in g  liq u id  a m m o n ia .  T h e  so u rc e  o f  s u lp h id e  io n s  w a s
0.1  M  th io u re a  s o lu t io n  (p H  -  6 ) . P re p a re d  s o lu tio n s  w e re  ta k e n  
in to  b e a k e rs  o f  c a p a c i ty  5 0  m l e a c h . F o r  r in s in g  p u rp o s e , a m p le  
q u a n ti ty  o f  d o u b le  d is t i l le d  w a te r  ( r e s is t iv i ty  -  18 Mil. c m )  w a s  
u se d . A f te r  5 d e p o s i t io n  c y c le s ,  w a te r  w a s  r e p la c e d  b y  n e w  
o n e . T h e  d e p o s i t io n  w a s  c a r r ie d  o u t a t ro o m  te m p e ra tu re  (2TC) 
u s in g  u n s t ir r e d  s o lu t io n s .  B y  m a k in g  s e v e ra l tr ia ls ,  d e p o s i t io n  
c o n d it io n s  w e re  o p tim iz e d .
T h e  a d s o r p tio n  a n d  r e a c t io n  t im e  w a s  5 0  S e c . R in s in g  t im e  
w a s  fo u n d  to  b e  3 0  S e c . T h u s  s in g le  S IL A R  d e p o s i t io n  c y c le  
w a s  m a d e  u p  o f  5 0  S e c . a d s o r p tio n  o f  Cu^"*" io n s , 3 0  S e c . r in s in g  
w ith  d o u b le  d is t i l le d  w a te r , 2 0  S e c . a d s o rp tio n  a n d  re a c t io n  o f  
S*’ io n s  a n d  3 0  S e c , r in s in g  w ith  d o u b le  d is ti l le d  w a te r. F ig u re  1 
s h o w s  th e  f lo w  c h a r t  o f  o n e  S IL A R  d e p o s i t io n  c y c le  o f  C u^S  
th in  f ilm s  fo n n a t io n .
A d so fp tto n  of C u '*  
ions for 50 S e c .
R in sin g  with w ate r for 30 S e c . 
to re m o ve  un ad so rb e d  ions
A d so rp tio n  and  reaction of 
S *-  ions for 50 S e c .
Rin sin g  with w a te r for 30 S e c . 
to re m o ve  loosely b o u n d  species.
Figure I. Flow chart showing one SILAR deposition cycle of Cu^S thin 
film formation.
F ilm  th ic k n e s s  o f  c o p p e r  s u lp h id e  (C u ^S  ) w a s  d e te n n in e d  
b y  g ra v im e tr ic  w e ig h t  d i f f e re n c e  m e th o d . F o r  th is , a  s e n s it iv e  
m ic ro b a la n c e  w a s  u t i l iz e d  a n d  f i lm  d e n s i ty  w a s  a s s u m e d  to  b e  
a s  b u lk  d e n s i ty  o f  C u ^S  (5 .6  gm/cm*^). B y  re p e a tin g  su c h  S IL A R  
d e p o s i t io n  c y c le s  fo r  5 0  t im e s ,  w c  h a v e  o b ta in e d  g o o d  q u a li ty  
c o p p e r  s u lp h id e  th in  f i lm s  o f  t h i c k n e s s  o f  a b o u t  0 .5  p m .  
P ro lo n g in g  th e  d e p o s i t io n  b e y o n d  5 0  S IL A R  d e p o s i t io n  c y c le s  
re s u lte d  in  p e e l in g  o f  th e  f i lm s  f r o m  th e  s u b s tra te s .
2 .2  Characterization o f the film s:
T o s tu d y  th e  e f f e c t  o f  a n n e a l in g , th e  f i lm s  w e re  a n n e a le d  a t  
t e m p e r a tu r e  u p  to  500® C  in  a n  a i r  f o r  1 h  a t  th e  r e p o r te d  
te m p e ra tu re s . T h e  s t ru c tu r a l  c h a ra c te r iz a t io n  o f  a s  d e p o s i te d
a n d  a n n e a le d  c o p p e r  su lp h id e  ( C u ^ S ) th in  f i lm s  w e re  carried oui 
by  a n a ly z in g  th e  X -ra y  d if f ra c t io n  (X R D ) p a tte rn s  ob ta ined  usini: 
a  P h il ip s  P W - 3 7 10 X -ra y  d if f r a c to m e te r  u s in g  Cuka radiationv 
(A  = 1 .5 4 0 5  A). O p tic a l  a b s o r p tio n  s tu d ie s  w e re  carried  oui 
u s in g  U V -V IS -N IR  s p e c t r o p h o to m e te r  (H ita c h i ,  m o d el 3U) 
J a p a n )  in  th e  w a v e le n g th  ra n g e  3 5 0 -8 5 0  n m . T h e  g la s s  .subsiraic 
w a s  th e  re fe re n c e  f o r  r e c o r d in g  th e  a b s o r p tio n  sp e c tra .
3 , R e s u l t s  a n d  d is c u s s io n
i .  1 Structural properties :
It is r e a s o n a b le  to  a s s u m e  th a t th e  u s e  o f  C u ( I I )  s a l t  so lu tion  as 
a  c a t io n ic  p re c u r s o r ,  w o u ld  re s u lt  in  th e  f o n n a t io n  o f  C uS thm 
film s . H o w e v e r  in  o u r  e a r l ie r  s tu d ie s , C u ^S  (1 .9 6  >  a >  1.86) and 
CU 2 S c o m p o s i t io n  w a s  o b s e r v e d . T h is  c o u ld  p o s s ib ly  rcsuli 
fro m  th e  e q u il ib r iu m
2Cu* <=> C m'* +
w h ic h  w o u ld  b e  d is p la c e d ,  p e r h a p s  th r o u g h  co m p lex a iio n  
d e p e n d in g  on  th e  n a tu re  o f  th e  c o m p le x in g  a g e n t [ 18].
F ig u re  2 s h o w s  th e  X R D  p a t te rn s  o f  a s  d e p o s i te d  (CS^,) and 
an n ea led  in a ir a t 100 (C S j^^), 2(K) (Cs^^^j), 3 0 0  ( C S ^ \ 4(X) i
a n d  5(X)X'! (CS^^^^), f o r  1 h. C u ^S  th in  f i lm s  o n  g la s s  substraic 
T h e  b ro a d  h u m p  is d u e  to  g la s s  s u b s tra te .  T lie  s ta n d a rd  d | P);
for Ih on glass substrates.
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values o f  C U S , (A S T M  2 4 -6 0 ) , C u , (A S T M  2 3 -9 6 0 ) , C u ,
(ASTM 2 3 -9 6 2 ) , C u ,  (A S T M  2 3 -9 5 6 ) , C u^S  (1 9 6  <  x <  1 .8 6 ) 
(ASTM  2 3 - 9 5 8 )  a n d  C U 2 S ( A S T M  2 4 - 5 7 )  w e re  u s e d  fo r  
c o m p a ris o n  w ith  o b s e r v e d  d  v a lu e s .  T a b le  1 s h o w s  th e  
a m ip a ris o n  o f  s ta n d a rd  a n d  o b s e r v e d  d  v a lu e s . It w a s  o b s e rv e d  
(hat the as d e p o s i te d  f i lm  s h o w s  C u S  (C o v c ll i te )  c o m p o s it io n . 
A n n ea lin g  a t \00XI d o e s  n o t m a k e  a n y  c h a n g e  in  c o m p o s it io n . 
Al ter a n n e a lin g  a t 2 0 0 ^ C , th e r e  w a s  tr a n s i t io n  o f  C u S  p h a se  to  
CUj 94S (d ju r lc i tc ) ,  th e  p e a k s  d u e  to  C u S  w e re  a b s e n t , w h e re a s  
{he m ajo r p e a k  w a s  d u e  to  C u , ^^S. IT iis  in d ic a te s  a  c o m p le te  
transition o f  C u S  p h a s e  to  C u , ^^S p h a s e . A n n e a lin g  th e  f i lm  a t  
U)0 , 40 0  a n d  5 0 0 ‘'C , th e re  w a s  fu r th e r  s l ig h t c h a n g e s  in th e  
c o m p o s itio n . A ll th e  a s  d e p o s i te d  a n d  a n n e a le d  f i lm s  s h o w  
hexagonal c ry s ta l  s t ru c tu re .  A ir  a n n e a l in g  a t te m p e ra tu re  2 0 0 "C  
leads to g ro w th  in  g ra in  s iz e  a s  i l lu s tr a te d  b y  th e  im p ro v e d  
vliarpness o f  th e  X R D  p e a k s .  T h e  in te n s i t ie s  o f  th e  p e a k s  w e re  
nearly c o n s ta n t fo r  th e  s a m p le s  a n n e a le d  a t 3 0 0 -5 0 0 ‘'C .
Table 1. C o m p a r is o n  o f  o b s e r v e d  a n d  s ta n d a r d  [1 9 ]  v a lu e s  fo r  a s  
deposited and a n n ea led  Cu^S th in  f ilm s .
S<mipic O b se rv e d  
J  v a lu e s
(A)
S ta n d a id  
d  v a lu e s
(A)
R e f le c t io n  
p la n e  (h k l)
I n d e n t i f ic d
p h a se s
('S„ 1 71 1 .7 3 1 0 8 CuS
1 .5 4 1 5 5 1 16 CUS
1 21 1 21 2 1 3 CuS
('S„„ 1 .8 8 1 .8 9 1 1 0 CuS
3 0 4 3 0 4 5 2 4 C u .^ S
( \o 3 9 0 3 8 8 2 2 0 Cu^S ( l . 9 6 < x < 1 .8 6 )
3 .0 5 3 0 5 1 0 1 C u,S
2 51 2 5 1 1 2 1 2 C u,,^S
2 31 2 . 3 0 0 5 3 ,  0 3 5 Cu^S ( 1 .9 6 < x < 1 .8 6 )
2 . 3 2 2 . 3 0 0 5 3 ,  0 3 5 Cu^S ( 1 .9 6  < x < 1 .8 6 )
to l lo w in g  c la s s ic a l  r e la t i o n  f o r  n e a r  o p t ic a l  a b s o r p t io n  in  
se m ic o n d u c to r .
n/2
hv
w h e re  K is a  c o n s ta n t .  Eg is th e  .sep ara tio n  b e tw e e n  th e  v a la n c e  
a n d  c o n d u c tio n  b a n d s , n is  a  c o n s ta n t  e q u a l to  o n e  fo r  d ire c t
2
e-
§
W avelen gth , I (nm )
F ig u r e  3 . V ariation  o f  o p tica l ab so rp tio n  c o e f f ic ie n t  ( a )  w ith  w a v e len g th  
( ; t )  <>f f i lm s  as d e p o s ite d  CSO , a n n ea le d  in air at I0()‘C  (C SlO O ).
2 ()(K : (C S2(K )). 3 ()(K : (C S3(K )), 4 0 0 “C  (C S 4 0 0 )  and  5 0 0 ‘*C (C vS500). for  
Ih on  g la s s  su b strates.
g a p  m a te r ia ls  a n d  fo u r  fo r  in d ire c t g a p  m a te r ia ls . T h e  v a r ia tio n  
o f  {ahvy versus hv (F ig u re  4 )  is  l in e a r  a t th e  a b s o rp tio n  e d g e  
c o n f i r m s  th a t  a s  d e p o s i t e d  a n d  a n n e a le d  c o p p e r  s u lp h id e
C u  S ( l <  X <  2 ) is a  s e m ic o n d u c to r  w ith  a  d ir e c t  b a n d  g ap .
 ^ 2E x tra p o la tin g  th e  s tra ig h t lin e  p o rtio n  o f  th e  p lo t o f  (a / iv )  versus
hv fo r  z e ro  a b s o rp tio n  c o e f f ic ie n t  v a lu e  g iv e s  o p tic a l b a n d  g a p
T he n e a r ly  5 0 %  lo s s  o f  s u lp h u r  f ro m  th e  f i lm s  d u r in g  
an n e a lin g  w o u ld  t a k e  p l a c e  th r o u g h  th e  lo s s  o f  s u l p h u r  
discarded a t  th e  f i lm  s u r fa c e  d u e  to  th e  d e c o m p o s i t io n  : 2CuS 
^  +  S T  . C u S  is  r e p o r te d  to  d e c o m p o s e  a t -  2 2 0 *^ C [2 0 ].
Melting o f  s u lp h u r  a t  1 1 3 -1 19®C a n d  b o il in g  a t  445®C cau.ses th e  
decrease in  c ry s ta ll in i ty  a f te r  a n n e a l in g  th e  sa m p le s  a b o v e  2 0 0 "C  
leniperature.
•^  2  Optical properties:
figu re  3 sh o w s  th e  p lo t  o f  o p tic a l  a b s o r p tio n  c o e f f ic ie n t  ( o r )  
^*gainsi w a v e le n g th  (X)  foi* a s  d e p o s i te d  a n d  a n n e a le d  Cu^S 
film s a t ro o m  te m p e ra tu re  w ith o u t  a c c o u n t in g  fo r  re f le c t io n  
t r a n s m is s io n  lo s s e s .  T h e  s p e c t r a  s h o w e d  c le a r ly  th e  
absorption e d g e  f o r  a s  d e p o s i te d  f i lm s  a n d  th e  a b s o rp tio n  e d g e  
shifted to w a rd s  lo w e r  e n e rg y  s id e  f o r  a n n e a le d  s a m p le s . T h e  
data W ere a n a ly z e d  f r o m  th e  f o l l o w in g  c l a s s ic a l  r e l a t i o n  
a n n e a le d  s a m p le s .  T h e  d a t a  w e r e  a n a ly z e d  f r o m  th e
1 .4 0 1 .8 4 2 .2 8  2 .7 2
hv, eV
3 .1 6 3 .6 0
Figure 4. Plot of (a h v r  ver.vii.r hv of Cu^S films as deposited CSO, annealed 
in air at lOOC (CS 100), 20OC (CS 200), 30O’C (CS300), 4 00€  (CS400) 
and 50O‘C (CS500), for Ih on glass substrates.
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energy. Table 2 gives tabulation of band gap of as deposited 
and annealed copper sulphide (Cu^^S) thin films. Decrease in 
band gap energy with increase in annealing temperature may be 
attributed tu the phase transition from one phase to another.
Table 2, Tabulation of optical band gap of as deposited and annealed 
copper sulphide (Cu^ S) thin films.
Sample
cs„
c s , ,
c s ..,
4. Conclusions
Optical band gap (cV)
2.36 
2.32 
2 26 
2.16 
2.15 
2 .U
In this paper, we have reported the deposition of copper sulphide 
(Cu^S) thin films using simple successive ionic layer adsorption 
and reaction (SILAR) method. Use of triethancloaminc (TEA) 
as acom plexing agent gives covellite CuS phase. By annealing 
the as deposited films at 20(yC phase transition from ’copper 
deficient’ (CuS) covellite phase to 'copper rich' djurleite phase is 
observed. Annealing at 200*^ grain size increases significantly. 
Further, annealing above 200‘^ C, decrease in crystallinity and 
phase transitions from d jurleite todigenite and chalcocitc phases 
is observed. Decrease in optical band gap energy with increase 
in annealing temperature may be attributed to transition from 
'copper deficient’ phase to ’copper rich’ phase.
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